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Cellulose-minus mutants ofAgrobacterium tumefaciens retain virulence but can be removed from wound sites
by washing with water. Washing of BryophyUum diagremontiana leaves inoculated with a cellulose-minus
mutant was used to determine the minimum time the bacteria must be present for tumor induction. This time
was 4 to 8 h.
Infections of wound sites on dicotyledenous plants with
Agrobacterium tumefaciens result in the induction of tu-
mors. The first step in tumor formation is the attachment of
the bacterium to a specific host cell receptor site (4). The
bacteria then form cellulose fibrils which anchor them to the
plant cell surface (7). After the bacterium has attached to the
host cell, tumor-inducing (Ti) plasmid DNA sequences are
transferred to the plant cell, where the transferred DNA (T
DNA) is integrated into the host cell chromosomes. The
expression of the T DNA results in the host cell becoming a
tumor cell (3).
We used a mutant strain of A. tumefaciens to determine
the minimum time the bacteria must be present for the
induction of tumors. Wild-type A. tumefaciens attaches to
the surface of plant cells and then synthesizes cellulose
fibrils. The synthesis of these fibrils results in the bacteria
becoming very tightly bound to the plant cell surface, so that
they can be removed only by the digestion of the bacterial or
host cell wall (6-8). Cellulose-minus mutants of A.
tumefaciens retain the ability to attach initially to the plant
cell surface, but they can be removed by shear forces such as
occur when vortexing suspension culture cells or washing
wound sites on the leaves of Bryophyllum diagremontiana
with water (6). The mutant strain Ce-12 used in these
experiments was described previously (6). It does not form
cellulose fibrils in tobacco leaves, tobacco callus cultures,
tobacco or carrot suspension cultures, or bacteriological
media with or without soytone (2, 6). This mutant binds only
loosely to the plant cell surface. The reversion of this mutant
is less than 1 in 1010 (6). The loose binding of Ce-12,
however, is sufficient for it to be virulent on tobacco,
Bryophyllum, and bean leaves (6). On bean leaves approxi-
mately the same number of the cellulose-minus mutant
bacteria and the parent bacteria are required to induce a
tumor as determined by the quantitative tumor assay of
Lippincott and Heberlein in which between 105 and 106
bacteria must be inoculated per tumor induced (5).
The origin and growth of the parent A6 and mutant Ce-12
strains were described previously (6, 8). B. diagremontiana
was grown in the greenhouse. Toothpick wounds were
inoculated and washed as described previously (6). To
determine the number of viable bacteria remaining in the
washed wound sites, the inoculated site and a surrounding
area 3 mm in diameter was removed from the leaf with a
sterile cork borer and ground in a Waring blender in phos-
phate-buffered saline, and the number of bacteria in the
homogenate was determined by plating on Luria broth agar.
* Corresponding author.
The homogenization has no effect on the viability of the
bacteria (8).
When the cellulose-minus mutant Ce-12 was used to
inoculate Bryophyllum leaves, no tumors were observed on
wound sites which were washed within 2 h of inoculation.
The percentage of wound sites which formed tumors after
being washed between 4 and 8 h after inoculation increased
rapidly with increasing time before washing. By 8 h after
inoculation 80% of the wound sites formed tumors even if
they were washed (Fig. 1). By 12 h after inoculation 90 to
100% of the inoculated wound sites formed tumors. Thus,
the percentage of inoculated sites which formed tumors was
not affected by the removal of the bacteria by water washing
12 h after inoculation, and some sites formed tumors even if
the bacteria were washed off as early as 4 h after inoculation.
All of the sites inoculated with the parent cellulose-
synthesizing strain A6 formed tumors whether or not they
were washed with water at any time from 30 min to 8 h after
inoculation.
The effect of water washing on the number of bacteria
remaining in the wound site was determined. For times
between 2 and 24 h after the inoculation of the bacteria, less
than 103 of the 107 to 108 bacteria originally inoculated
remained in the wound after washing. In the bean-leaf
system the average number of bacteria required to induce
one tumor has been found to be 105 to 106 (5). Thus, the
number of bacteria remaining in the wounded leaves would
probably have been insufficient to induce a tumor. The
parent strain A6 showed an increase in the number of
bacteria in the wound sites during this time whether or not
the leaves were washed with water. The approximate dou-
bling time of the bacteria in the leaf was 2 to 4 h. Unwashed
leaves inoculated with the mutant strain Ce-12 showed
bacterial growth at approximately the same rate as those
inoculated with the parent strain.
Thus, it appears that A. tumefaciens need be present on
the leaf surface for only 4 to 8 h to cause tumor formation on
B. diagremontiana leaves. This compares reasonably well
with the estimate by Virts and Gelvin that they could detect
T DNA in petunia suspension culture cells as early as 4 h
after the addition of the bacteria to the cultures (9) and
suggests that the transfer of T DNA from the bacteria to the
plant host cell may occur relatively rapidly after inoculation
of the bacteria in both tissue culture and wounded plant
systems.
The steps in the surface interaction of A. tumefaciens with
plant host cells appear to be as follows: (i) a loose reversible
binding is completed within 1 h (6), (ii) bacterial cellulose
synthesis and irreversible tight binding begin about 15 to 30
min after inoculation and reach the stage at which binding of
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exudate alter the distribution of exopolysaccharide on the
bacterial surface. There is no known counterpart to this
phase in the interaction of agrobacteria with plant cells.
About 4 h after inoculation, phase 1C of rhizobial attachment
begins in which the bacteria bind polarly to the root hair
surface. Again, there is no known counterpart to this second
binding of the rhizobia in a new orientation in the attachment
of A. tumefaciens to plant cells. About 12 h after inoculation
the rhizobia begin to elaborate fibrils, probably composed of
cellulose, and binding becomes irreversible. This is compa-
rable to step 2 in the binding of agrobacteria. There is no
known counterpart in the interaction of rhizobia with root
cells to step 3 in the interaction of agrobacteria with host
cells, the transfer of DNA from the bacteria to the plant
cells.
Bacterial attachment to plant cells is a multistep process
for both agrobacteria and rhizobia. The initial interaction
involves reversible binding which begins within minutes of
the inoculation of the bacteria. This is followed later by tight
irreversible binding and then by DNA transfer in the case of
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FIG. 1. Effect of time of water washing on tumor formation by A.
tumefaciens cellulose-minus strain Ce-12. Each point represents 10
or more wound sites on Bryophyllum leaves which were washed
with water at the indicated times. The leaves were scored for the
development of tumors for 5 weeks after inoculation. Of the sites
which were inoculated with strain Ce-12 and not washed, 95%
developed tumors. Of the sites inoculated with the parent strain A6
(which cannot be removed from the plant cell surface by washing),
100% formed tumors regardless of whether the sites were washed.
many of the bacteria is irreversible by 120 min (6, 7), and (iii)
the transfer of plasmid DNA from the bacteria to the host
cell begins about 4 h after inoculation and is completed by
about 8 h after inoculation. Step 3 depends on step 1, but in
the absence of factors which dislodge the bacteria, can occur
without the tight binding of step 2 (6). After step 3 the
presence of the bacteria is no longer required for the
development of tumors.
These stages in the binding and pathogenic interaction of
A. tumefaciens with Bryophyllum leaves can be compared
with the phases in the attachment of Rhizobium trifolii to
clover root hairs, as described by Dazzo et al. (1). In the
initial phase (1A), the rhizobia bind randomly to the root hair
surface; this phase, like step 1 in the binding of agrobacteria
to plant cells, begins within minutes after bacterial inocula-
tion and continues for a few hours. In both cases the binding
is reversible. In the next phase (1B), enzymes from the root
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